ABSTRACT: This study reports on the temporal variations in algal and bacterial metabolism of dissolved dimethylsulfoniopropionate (DMSPd) in Arctic ice-covered waters in response to the release of organic matter (OM) from the sea ice and the onset of under-ice phytoplankton growth. Sampling took place between 21 May and 21 June 2012 at a station located in Resolute Passage. A snow and ice melt event was accompanied by an important release of OM and total DMSP from the bottom ice to the water column. This input of OM coincided with increases in DMSPd and DMSPd loss rate constant at the ice-water interface and, 2 days later, with increases in DMSPd and bacterial dimethylsulfide (DMS) yields from DMSPd at 0.5 m under the ice. The different microbial responses suggest that DMSPd-rich brines were released first, followed by the release of sympagic algae due to ice melt. In both cases, the changes in DMSPd metabolism resulted in an increase in gross DMS production from 0.15 to 1.9 nmol l −1 d −1
INTRODUCTION
Dimethylsulfide (DMS), a degradation by-product of the algal metabolite dimethylsulfoniopropionate (DMSP; see review by Stefels et al. 2007) , represents the most important natural source of volatile sulfur to the atmosphere (Kettle & Andreae 2000 , Simó 2001 ).
In the atmosphere, DMS can be oxidized to sulfate aerosols that scatter incoming solar radiation and form small-radius cloud condensation nuclei (CCN) that increase the albedo of low-altitude clouds. A recent global aerosol model suggests a weak res pon se of CCN to changes in DMS emissions over large parts of the world ocean (Woodhouse et al. 2013 ).
However, evidence of nucleation events linked to regional DMS ocean pulses shows that DMS can influence the dynamics of climate-active biogenic aerosols in remote regions such as the Arctic during spring and summer (Chang et al. 2011 , Rempillo et al. 2011 . During these periods, low aerosol concentrations prevail due to the atmospheric removal of numerous trace gas pollutants by oxidizing agents (Pratt et al. 2013 ) and precipitation (Browse et al. 2012) . The impact of marine DMS emissions could be particularly important in the Arctic where warming is amplified (Pithan & Mauritsen 2014) . It has been suggested that higher DMS production and sea-to-air fluxes, as a result of greater ice-free surface areas and earlier spring blooms seeded by ice algae, could partly offset warming caused by the loss of ice albedo (Qu & Gabric 2010) .
In polar regions, the development of sea ice algae in spring results in high concentrations of DMSP and DMS. In the Arctic, maximal concentrations of particulate DMSP (DMSPp) and DMS in the bottom ice in spring range from 985 to 15 082 nmol l −1 and from 30 to 769 nmol l −1 , respectively (Uzuka 2003 , Gilson 2010 , Galindo et al. 2014 . Concentrations of dissolved DMSP (DMSPd) as high as 6110 nmol l −1 have also been recently measured in the bottom ice of the Arctic (Galindo et al. 2014) . In contrast, both DMSPp and DMSPd are generally found in low concentrations under the ice during winter and early spring (Vila-Costa et al. 2008a) , except during brine release and sea-ice melt (Trevena & Jones 2006 , Tison et al. 2010 , Galindo et al. 2014 . The fate of these 2 sea ice DMSP reservoirs (particulate and dissolved) is expected to differ considerably once released in the water column. While DMSPp will likely sink in the water column in association with the diatoms which dominate the ice algal assemblage in the Arctic (Levasseur et al. 1994) , DMSPd is expected to remain in the fresh to brackish-water lens formed under the ice by melt water. This pool of dissolved DMSP can then follow 1 of 2 pathways when consumed by bacteria: (1) a cleavage pathway leading to DMS production (i.e. DMS yield) or (2) a demethylation/demethiolation pathway promoting the formation of metha nethiol and other products which can be assimilated by bacterioplankton. Demethylation of DMSPd can be accomplished by the majority of marine prokaryotes (Howard et al. 2008) , and most heterotrophic bacteria found in the Arctic have the capacity to cleave DMSPd or assimilate it into biomass (Motard-Côté et al. 2012 , RuizGonzález et al. 2012a ). The proportion of DMSPd released from the sea ice that will be eventually cleaved into DMS by heterotrophic bacteria under the ice is unknown. In the open ocean, the DMS yield can range from 2 to 50% (e.g. Merzouk et al. 2008 , Royer et al. 2010 , Lizotte et al. 2012 ) depending on bacterial sulfur demand and availability of DMSP (Kiene et al. 2000 , Pinhassi et al. 2005 , Levasseur et al. 2006 . The rare Arctic measurements show DMS yields varying between 12 and 31% in late summer and between 4 and 15% in autumn in the ice-free waters of the Canadian High Arctic (Luce et al. 2011 , Motard-Côté et al. 2012 . As heterotrophic bacteria are generally carbon-limited under the ice pack in winter and early spring (Garneau et al. 2008) , the release of dissolved organic matter from the ice, including DMSP, may thus trigger a rapid bacterial response.
The objective of this study was to assess the impact of the release of organic matter and DMSP from the sea ice to the water column on algal and bacterial metabolism of DMSPd during the Arctic spring. We also document changes in algal and bacterial DMSPd metabolism associated with the onset of under-ice phytoplankton growth, which took place toward the end of our sampling period.
MATERIALS AND METHODS

Study area
This study was conducted at a landfast ice station (74°43.613' N, 95°33.496' W) located between Griffith Island and Sheringham Point (Cornwallis Island) in Resolute Passage of the central Canadian Arctic Archipelago (Fig. 1) . The area is typically covered by ice from November to the end of June, with maximum ice thickness of 2 m and heaviest snow cover in May. The water column depth at the station was 90 m. The origins of the water masses and their circulation in the sampling area have been studied by Prinsenberg & Bennett (1987) . In this area, Arctic surface water from the Canadian Basin enters Barrow Strait from the south through Peel Sound, from the west through Viscount Melville Sound and from the north through Penny Strait. Surface waters entering from the west and south showed similar salinity as that observed in the western Archipelago (31.5 to 32.5), while surface waters from the north have higher salinity (> 32.8) due to turbulent mixing with subsurface water (Prinsenberg & Bennett 1987) . Furthermore, Jones et al. (2003) showed that the Arctic surface water in Barrow Strait is entirely of Pacific origin.
Environmental measurements
Physical characteristics of the sea ice and underlying surface water were measured on 15 and 30 occasions, respectively, between 21 May and 21 June 2012. On each ice-sampling day, snow depth and ice thickness were measured with a measuring stick and an ice thickness gauge (Kovacs Enterprises), respectively. Ice cores were extracted using a Kovacs Mark II coring system (diameter: 9 cm). An ice temperature profile at 5 cm intervals was also measured on a full ice core. Immediately after ice core extraction, ice temperature was measured by drilling a 2 mm hole to the center of the core and inserting a temperature probe (Testo 720 probe). To determine ice salinity, a full ice core was cut in 10 cm sections and melted. Bulk salinity of the melted ice was measured with a hand-held conductivity meter (Cond 330i, WTW). Brine volume fraction of each 10 cm ice section was calculated using the recorded ice bulk salinity and temperature (Cox & Weeks 1983 , Petrich & Eicken 2010 . Ice temperatures, bulk salinity and brine volumes were then averaged over the entire ice core.
Temperature and salinity of the upper water column were measured with a Sea-Bird SBE 19plus V2 conductivity-temperature-depth (CTD) probe. Through out the study, air temperature was monitored at 1 min intervals with a Rotronic HygroClip2 temperature probe at a meteorological station located within 0.5 to 1 km of our main sampling site.
Sample collection
Two ice cores were collected at a high snow-depth site (> 20 cm) every 4 d. The 3 cm bottom ice was quickly sectioned and pooled in a 7.5 l dark isothermal container to avoid brine drainage effects. These ice core samples were melted in 0.2 µm filtered seawater (3 parts FSW to 1 part melted ice) to minimize osmotic stress on the microbial community during melting (Bates & Cota 1986 , Garrison & Buck 1986 and were analyzed for total DMSP (i.e. DMSPt = DMSPp + DMSPd) and DMSPd. These DMSPd concentrations were corrected for the presence of DMSPd in the filtered seawater (see calculations in 'Determination of DMSP concentrations').
Water column samples were first collected at the ice-water interface and then at 0.5 m under the bottom surface of sea ice through an auger hole with a battery operated plastic submersible pump (Cyclone®) secured to the end of an under-ice arm. Seawater samples were prescreened through a 200 µm Nitex mesh to remove large zooplankton grazers. Samples were processed 2 h after collection at the Dr. Roy M. 'Fritz' Koerner Laboratory at the Polar Continental Shelf Project facility (Fig. 1) .
Dissolved organic carbon and chlorophyll a
Two samples for dissolved organic carbon (DOC) determination were filtered through pre-combusted (450°C for 5 h) Whatman GF/F filters, and the filtrate was collected in 9 ml glass storage vials with Teflonlined caps previously cleaned following the protocol of Burdige & Homstead (1994) . Samples were stored at 4°C in the dark after adding 100 µl of 2 N hydrochloric acid (HCl). DOC concentrations were determined on a high-temperature combustion Shimadzu TOC-V CNP total organic carbon analyzer using the analysis procedure described by Whitehead et al. (2000) . Potassium hydrogen phthalate was used to standardize DOC measurements. In addition, samples were systematically checked against low-carbon water (1 µmol l −1
) and deep seawater reference water (Florida Strait at 700 m; 41 to 44 µmol l −1 ) every seventh sample analysis. These seawater DOC reference standards were produced by Hansell's Consensus Reference Materials (CRM) project (www. rsmas. miami.edu/groups/biogeochem/CRM.html). The mean DOC of 3 replicate injections of each water sample showed a typical coefficient of variation < 3%.
To determine chlorophyll a (chl a) concentrations, two 500 ml replicates of seawater were filtered onto Whatman GF/F 25 mm filters. Pigments were extracted from the filters after a minimum of 18 h (maximum: 24 h) in 90% acetone at 4°C in the dark (Parsons et al. 1984) . Fluorescence of the extracted pigments was measured with a 10-005R Turner Designs fluorometer before and after acidification with 5% HCl. Chl a concentrations were calculated using the equation described by Holm-Hansen et al. (1965) .
Bacterioplankton abundance
For the determination of bacterioplankton abundance, 1.8 ml of unfiltered seawater was poured in a sterile polypropylene cryogenic vial, fixed with 25% glutaraldehyde Grade I (0.1% final concentration, Sigma) and kept frozen at −80°C until flow cytometric analysis. Frozen samples were thawed in a 30°C water bath and were stained with SYBR Green I (Invitrogen) following Belzile et al. (2008) . Bacteria were counted with an Epics Altra flow cytometer (Beckman Coulter) fitted with a 488 nm laser operated at 15 mW. The cytograms obtained were analyzed using Expo32 v1.2b Software (Beckman Coulter). Based on the side scatter vs. green fluorescence plots, bacteria were ascribed to a low nucleic acid (LNA) or high nucleic acid (HNA) category, and the criteria for distinguishing these categories was used for the whole sampling period.
Determination of DMSP concentrations
Duplicate sea ice and triplicate seawater samples were collected for the determination of DMSPt and DMSPd. DMSPp concentrations were obtained by subtracting DMSPd from DMSPt concentrations. We used the ice melt technique (Garrison & Buck 1986) , which minimizes DMSP exudation due to osmotic shock. The limitation of this sampling technique (potential underestimation of DMSPp concentrations) is detailed by Galindo et al. (2014) . For DMSPt, 3.5 ml of melted ice or seawater was gathered into a 5 ml Falcon™ tube, while DMSPd was quantified using the small-volume gravity drip filtration (SVDF) technique . DMSP samples (3.5 ml) were preserved with 50 µl of 50% sulfuric acid (H 2 SO 4 ). Samples were analyzed using a purge and trap system coupled to a Varian 3800 gas chromatograph (GC), equipped with a Pulsed Flame Photometric Detector (PFPD). The analytical detection limit was 0.01 nmol l −1 for all sulfur compounds. Sea ice DMSP concentrations were corrected for the dilution of ice core sections in FSW. Sea ice DMSPd concentrations were corrected for the presence of DMSPd in FSW using the following equation:
where C ICE , C BULK and C FSW are the DMSPd concentrations (nmol l 
Determination of algal and bacterial DMSPd metabolism in surface waters
For the determination of algal and bacterial DMSPd uptake and metabolism, triplicate samples of seawater were amended with the radiolabeled tracer S-amended samples in 71 ml brown polyethylene bottles (previously washed with HCl and rinsed with MilliQ water) were gently mixed, and the total initial radioactivity (Tot) was determined by collecting 1 ml with a micropipette from each bottle after 5 min. After that, half of the bottles were used to determine the time-course of 35 S-DMSPd loss, while the other half was used for the DMS yield experiments. First, a 35 S-DMSPd loss time-course experiment was conducted for 3 h in the dark at −1°C. Subsamples were collected at time (T) 0, 30, 60 and 180 min and filtered on syringe filters (0.2 µm nylon membrane). The algal and bacterial DMSPd loss rate constant (k DMSPd ) was determined using the slope of the natural logarithm transformed radioactivity of unreacted 35 S DMSPd during this 3 h time-course experiment. Second, a modified version of DMS yield experiments adapted from the method described by Merzouk et al. (2008) was used. Bottles were injected with ca. 100 nmol l −1 of dimethyldisulfide (DMDS) (Galí et al. 2011) , an effective inhibitor of bacterial DMS consumption (Simó et al. 2000) , and amended with 35 S-DMSPd. These bottles were incubated in the dark at −1°C for 24 h. After this period, subsamples were taken to determine the particulate, trichloroacetic acid (TCA)-insoluble macromolecules and dissolved non-volatile fractions. At the same time, a 5 ml subsample was taken to determine volatile S after 24 h of incubation) with units as %, (4) the bacterial gross DMS production rate (algal and bacterial DMSPd uptake rate × DMS yield) with units nmol l −1 d −1 and (5) the algal and bacterial DMSP-S assimilation efficiency (percentage of 35 S DMSPd added that was recovered into TCAinsoluble macromolecules) with units as %. Some diatoms as well as the cyanobacteria Synechococcus and Prochlorococcus can take up and accumulate DMSPd (Vila-Costa et al. 2006 , del Valle et al. 2012 , Ruiz-González et al. 2012b ), but there is no evidence suggesting that they may cleave DMSPd into DMS. Thus, we consider the k DMSPd and DMSPd uptake rate as algal and bacterial, while the DMS yield and DMS production rate are assumed to be mostly bacterial. We cannot exclude the possibility that DMSPd conversion to DMS via free DMSP-lyases may have taken place during our measurements. We believe, however, that this was a minor process compared with bacterial cleavage. First, ice diatoms were responsible for most of the biomass and DMSP found in the ice as well as in the water column during the (Stefels et al. 2007 ). Hence, the release of ice diatoms in the water column and their subsequent lysis or grazing should not have resulted in a large increase in free DMSP-lyases. Second, the few existing measurements from studies conducted at lower latitudes also suggest that this is a minor pathway. For example, Scarratt et al. (2000) reported that free-living bacteria and free enzymes accounted for only a small fraction of the total DMS production (<10%). Therefore, the conversion of DMSPd to DMS via free DMSP-lyases was most probably negligible in our study.
Statistical analysis
Model I linear regressions were used to determine biological rates during the incubations (Sokal & Rohlf 1995) . The normality of the distributions of abiotic and biotic variables was assessed using the Shapiro-Wilk test. Relationships between variables normally distributed were determined with Pearson's linear correlations (r). Model II linear regressions (reduced major axis) were used to determine the relationship between DMSP-S assimilation into particles and bacterial abundance. Statistical tests were carried out using JMP® 10.0 Software, and the graphics were produced using SigmaPlot 12.5 (Systat Software).
RESULTS
The physical environment
Variations in the physical characteristics of the snow, ice and water column are presented in Fig. 3 . The daily averaged air temperature of −5.19°C at the beginning of the sampling period began to increase on 26 May and reached above 0°C on 2 June (Fig. 3a) . The thickness of the snow cover varied between 13 and 24 cm from the beginning of the sampling until 4 June, when it decreased sharply to 8 cm on 6 June and remained at this low level until the end of the sampling (Fig. 3b) . Ice thickness remained stable at ca. 125 cm from the beginning of the sampling until 2 June when it decreased abruptly to 118 cm. After 10 June, the ice thickness decreased to reach ca. 98 cm at the end of the sampling period (Fig. 3c) . The ice broke up 14 d later on 5 July. The temperature averaged over the entire ice core started at −3.88°C, increased regularly to reach −1.21°C on 8 June and remained stable until the end of the sampling (Fig. 3d) . The ice bulk salinity averaged over the entire ice core was 6.85 from the start of the sampling until 31 May, when it decreased gradually to 3.74 on 14 June, and remained stable until the end of the sampling period (Fig. 3d) . The brine volume averaged over the entire ice core was ~15% at the beginning of the sampling, increased abruptly to 40% between 6 and 10 June and decreased gradually to stabilize at 20% on 17 June and thereafter (Fig. 3e) . Brine volumes were thus always higher than 5%, suggesting that the sea ice was permeable during the entire sampling period (Pringle et al. 2009 ). Seawater temperature at 0.5 m under the ice increased gradually from −1.75°C at the beginning of the sampling period to −1.68°C on 10 June, increased more rapidly to reach −1.39°C on 18 June and remained at this temperature until the end of the sampling (Fig. 3f) . Seawater salinity at 0.5 m under the ice remained relatively constant at around 32.3 until 15 June, then de creased abruptly to 31.7 in 2 d and remained re latively stable for the rest of the sampling period (Fig. 3f) . Shaded areas in Fig. 3 delineate the 2 major melt events that took place during our sampling period. The first one, between 31 May and 6 June, was characterized by the loss of most of the snow cover and a minor de crease in ice thickness (Fig. 3b,c) . Bulk ice salinity decreased from 7.17 to 5.31 (Fig. 3d) , indicating brine release during this event. The second melting event, from 10 June to the end of the sampling period, was characterized by a more substantial decrease in ice thickness (from 123 to 98 cm) and by a warming and decrease in salinity of the water under the ice (Fig. 3c,f) . Both events coincided with either an import or a local production of organic matter in the water column under the ice, which triggered changes in algal and bacterial DMSPd metabolism, as shown in Fig. 4 . 
Biological and chemical characteristics of bottom sea ice and surface waters
Bottom ice DMSPp concentrations were ca. 6800 nmol l −1 at the beginning of the sampling period and decreased progressively to reach 556 nmol l −1 on 8 June. They then remained relatively low until the end of the sampling period except for a slightly higher value of 1386 nmol l −1 on 17 June (Fig. 4a) . Bottom ice DMSPd concentrations closely followed the DMSPp variations, with values of 5087 nmol l −1 at the beginning of the sampling and a decrease down to 290 nmol l −1 on 8 June. After 8 June, the DMSPd concentrations remained relatively stable until the end of the sampling period except for a peak of 1160 nmol l −1 measured on 17 June coinciding with the DMSPp peak mentioned previously. During this study, bottom ice chl a concentrations followed the same trend from 2500 to 45 µg l −1 as the one observed for bottom ice DMSPp and DMSPd (C. J. Mundy unpubl. data).
In surface water, DOC concentrations varied between 66 and 73 µmol l −1 during most of the sampling period, except between 4 and 7 June when they increased to 83 µmol l −1 at both sampling depths (i.e. at the ice water-interface and 0.5 m under the ice; Fig. 4b ). Chl a concentrations remained between 0.2 and 0.4 µg l −1 at both sampling depths during the whole sampling period except for a sharp and short-lived increase to 0.8 µg l −1 on 4 June and a more gradual increase to 0.8 µg l −1 between 12 June and the end of the sampling period (Fig. 4c) . The bac terial abundance followed more or less the same trend as chl a, with background values around 5 × 10 5 cells ml −1 and a peak of 7.3 × 10 5 cells ml −1 on 4 June (at the ice-water interface only) and a more gradual in crease to a maximum of 6.1 × 10 5 cells ml −1 (at both depths) toward the end of the sampling period (Fig. 4d) . HNA bacteria comprised between 72 and 78% of the total prokaryotes, with higher values coinciding with the 2 periods of high bacterial abundance (Fig. 4e) . DMSPp concentrations generally varied between 0.5 and 6.8 nmol l −1 with a single peak measured on 4 June at the icewater interface (13 nmol l −1 ) and at 0.5 m under the ice (93 nmol l −1 ) (Fig. 4f) . DMSPd concentrations ranged from 0.5 to 2.95 nmol l −1 , except between 31 May and 4 June when they reached 4.5 nmol l −1 at the ice-water interface and 5.5 nmol l −1 at 0.5 m under the ice (Fig. 4g) . , respectively (Fig. 5a ). At 0.5 m under the ice, k DMSPd values remained around 0.8 to 4.1 d −1 during the first melt event but increased to 6.5 d −1 during the onset of under-ice phytoplankton growth as observed at the ice-water interface.
The DMS yields remained extremely low and stable during most of the sampling period at both sampling depths, with values varying between 1.6 and 2.9% (Fig. 5b ). Higher DMS yields were only measured on 4 June during the first melt event with values of 4.1 and 10% at the ice-water interface and 0.5 m under the ice, respectively. The DMSP-S assimilation efficiency was low and stable (ca. 4%) at both sampling depths until 15 June, when it increased abruptly to reach 17% on 18 June (Fig. 5c) . Afterward, the DMSP-S assimilation efficiency remained high at the ice-water interface but decreased to 6% at 0.5 m under the ice. The algal and bacterial DMSPd consumption rates were low (ca. 5 nmol l −1 d −1
) and stable at both depths during the sampling period except a single short-lived peak of 44.4 nmol l −1 d −1 measured on 2 June at the ice-water interface only (Fig. 5d) . Gross DMS production rates were < 0.2 nmol l −1 d −1 during most of the sampling period, except on 2 and 4 June when rates peaked at 1.09 nmol l −1 d −1 and 0.69 nmol l −1 d −1 at the ice-water interface and at 0.5 m under the ice, respectively (Fig. 5e) .
DISCUSSION
This is the first time-series showing the response of the under-ice algal and bacterial assemblage to organic matter and DMSP released from the ice or produced by under-ice phytoplankton growth in the Arctic during the melt season. Our 4 wk sampling period captured 1 major ice-DMSP release event that was triggered by brine drainage and flushing resulting from the combined effect of snow and ice melt. This first event was followed a few days later by the onset of under-ice phytoplankton growth, probably indicating the initiation of an under-ice bloom as previously observed in this area (Galindo et al. 2014 . The phytoplankton growth probably resulted from the combined effects of higher light transmittance through the sea ice and an increase in water column stratification (C. J. Mundy unpubl. data). Both events resulted in an increase in the abundance of autotrophic and heterotrophic cells at the ice-water interface and at 0.5 m under the ice and in specific alterations of the algal and bacterial DMSPd metabolism.
Response of the under-ice algal and bacterial assemblage to bottom ice organic matter release
At the end of May and during the first week of June, the successive effects of snow and ice melt resulted in a progressive release of most of the particulate and dissolved DMSP present in the bottom of the sea ice. The decrease in average ice bulk salinity (Fig. 3d) and brine salinity through the ice core during this period (data not shown) confirmed the presence of brine movements through drainage, and potentially, flushing. Furthermore, the minor loss of ice thickness was likely associated with the warming of sea ice due to the increase of light absorption in first-year sea ice following the snow melt and with an erosion of the bottom ice habitat by under-ice currents (data not shown). These mechanisms are known to cause the release of organic matter from the sea ice into the water column (Lavoie et al. 2005 , Mundy et al. 2005 , Polashenski et al. 2012 .
The influence of bottom ice organic-matter release was first detected in the water column on 2 June by an increase in DMSPd at the ice-water interface. This DMSPd input coincided with an increase in k DMSPd by 472% in 4 d and algal and bacterial DMSP consumption by 777% in 2 d in this thin layer. Bacterial production in ice-covered waters is strongly limited by the supply of organic carbon during spring in the Arctic (Garneau et al. 2008) . Hence, the increase in k DMSPd probably resulted from the stimulation of the pelagic bacterial activity by the input of organic matter (including DMSPd) from the sea ice, as suggested by the slight increase in their abundance during this first melt period (Fig. 4d) . This interpretation is further supported by the gradual increase in bacterial abundance accompanied by the increase in relative abundance of HNA cells, generally considered as an index of the proportion of actively growing bacteria (Lebaron et al. 2001 , but see also Bouvier et al. 2007) . Two recent studies report k DMSPd values varying between 0.6 and 3.3 d −1 in Arctic ice-free waters in late summer and autumn (Luce et al. 2011 , MotardCôté et al. 2012 . These k DMSPd values are in the same range as those measured throughout most of the sampling period under the ice, but are much lower than the peak value of 11 d −1 measured on 2 June. Our maximum k DMSPd value is, however, comparable with the peak values measured at lower latitudes, such as the Mediterranean Sea (up to 6.2 d ; Royer et al. 2010 ). These results show that the release of organic matter and DMSPd from the sea ice may result in a short (maximum of 4 d based on our sampling frequency) but important increase in algal and bacterial DMSPd consumption rate at the ice-water interface, leading to a rapid turnover of the DMSPd released from the sea ice.
As seen in Fig. 5b , the DMS yield of the bacteria present at the ice-water interface was not affected by this initial release of DMSPd from the ice and the associated increase in DMSPd consumption rate. The DMS yield remained low (ca. 2.4%), showing that the bacteria continue to use DMSP as a carbon and sulfur source during the large bottom ice organic-matter release event. This result is surprising considering that the release of organic matter and DMSPd from the brines probably resulted in variations in the quality (proportion of labile dissolved organic carbon and sulfur) of the dissolved organic matter available for bacteria. For example, DOC and DMSPd concentrations of 228 µmol l −1 and 19.5 nmol l −1 were measured in brines on 31 May. The efficiency of bacterial DMSP-S assimilation into macromolecules at the icewater interface also remained low, at ca. 5%, during the release of bottom ice organic matter. The stability of these 2 metabolic indicators suggests that a large portion of the sulfur obtained from DMSP during this event was rapidly (< 3 h) excreted as a non-volatile 35 S-product. Vila-Costa et al. (2014) similarly re ported high losses of DMSP-S taken up by bacteria and converted to the non-volatile 35 S-product during a study in the Sargasso Sea. Because the 35 S-DMSP tracer is la beled on the S moiety and the C-DMSP can be significantly respired (Vila-Costa et al. 2010) , the authors attributed this specific DMSP metabolism as an indication of the relevance of C availability to bacteria in modulating DMSP fate. In spite of the low and unchanged DMS yield, the initial response of the bacterial community measured at the ice-water interface on 2 June resulted in an important (727% in 2 d) but short-lived increase in DMS gross production (Fig. 5e) . Since DMSPd conversion into DMS by free DMSP-lyases was likely negligible in our study as explained in 'Determination of algal and bacterial DMSPd metabolism in surface waters', the increase in DMS production was most likely driven by the increase in DMSPd concentrations and k DMSPd , hence bacterial DMSPd consumption and metabolism.
The initial detection of the effect of bottom ice organic matter release at the ice-water interface on 2 June due to brine drainage was followed 2 d later by marked increases in chl a and DMSPp at both the icewater interface and 0.5 m under the ice. This second release of organic material from the sea ice coincided with ice melt. At that time, bacterial abundance increased at 0.5 m under the ice, probably reflecting an input of sympagic bacteria associated with algae and particles from the bottom ice. Bacteria responded differently to this ice-melt-induced large input of organic matter. This ice-melt event coincided with a decrease in k DMSPd but a sharp increase in DMS yield (Fig. 5a,b) . On one hand, the decrease in k DMSPd suggests that DMSP represented a less important substrate for the bacteria during that period. The large peaks in DOC associated with the release of chl a and DMSP from the sea ice indicate that the heterotrophic bacteria had access to a more substantial pool of organic carbon following this major release of organic matter from the bottom ice and that the supply exceeded their requirements during the event (Fig. 4b) . On the other hand, the important increase in DMS yield (by 411%) measured at 0.5 m under the ice indicates that the bacteria needed less sulfur from DMSP to support their growth. Assuming that DMS yields vary mostly as a function of the bacterial sulfur requirement and the availability of organic sulfur (Kiene et al. 2000 , Pinhassi et al. 2005 , Levasseur et al. 2006 , this peak value suggests that the cells had access to other labile organic sulfur (e.g. methionine, cysteine), probably of sea ice origin, during this period.
Overall, the low DMS yields measured during most of our sampling period indicate that under-ice bacteria were generally not efficient at converting DMSP into DMS during the spring season. Our results suggest that only dissolved organic matter (DOM)-rich conditions, such as those occurring during the release of organic matter from the bottom ice, may lead to high DMS yields. Other studies conducted in the Arctic but during ice-free conditions have reported DMS yields varying between 4 and 31%, with higher values also measured in water masses rich in chl a and DMSPp (Luce et al. 2011 , Motard-Côté et al. 2012 . Our results suggest that elevated DMS yields are probably short-lived events under the sea ice, coinciding with initial ice melt and the associated release of ice algae in the water column.
As observed at the ice-water interface 2 d earlier, the major release of chl a and DMSPp from the ice also resulted in an increase in microbial DMS production by 467% in 2 d. However, in contrast with the previous event, the enhancement resulted almost entirely from the increase in DMS yield. The difference in the response observed between 2 June (increase in k DMSPd ) and 4 June (increase in DMS yield) may reflect a change in the origin of the bacterial assemblage and/or the abundance of bacteria. The brine-release event that took place between 31 May and 2 June stimulated bacterial activity of the substrate-limited pelagic community underneath the ice. The increases of DMSPd concentrations and DMSPd loss rate constants resulted in the increase of DMS production at the ice-water interface. In contrast, the sea ice melting that took place between 2 and 4 June resulted in the major release of ice algae and its associated DMSP and sympagic bacteria. The higher DMS yield measured at that time suggests that the bacterial assemblage, likely of ice origin, was acclimated to an environment already rich in DMSPd. The sinking of ice algae and local currents can explain the propagation of the signal down to 0.5 m under the ice. The increase in DMS yield also translated into an increase in DMS production at 0.5 m under the ice. It is interesting to note that the maximum DMS production rates measured under the ice during the release of the bottom ice algal community (up to 1 nmol l −1 d ; Motard-Côté et al. 2012 ). These high production rates can probably only be reached in DOM-rich conditions such as those encountered in brine channels at the end of the ice algal bloom.
The increase in DMS production following the release of organic matter and DMSPd from first-year sea ice could represent a non-negligible contribution to the under-ice water column DMS during a period when DMS levels are usually extremely low (Levasseur et al. 1994 , Bouillon et al. 2002 . The fate of this DMS is still to be determined, but our general understanding of the DMS cycle allows some speculations. The 3 known sinks for DMS are photo-oxidation, bacterial consumption and ventilation. Photooxidation should be minimal underneath the ice due to the prevailing low irradiance in general and UV radiation in particular (Winther et al. 2004 , Nicolaus et al. 2013 . DMS bacterial consumption likely takes place, but, as observed at lower latitudes, DMSconsuming bacteria generally take some time to react to a pulse in DMS, allowing a temporary buildup of the DMS reservoir. We can thus speculate that the rapid response of the DMSP-consuming algae and bacteria to the DMSPd pulse from the ice will result in a temporary increase in DMS concentrations in the water column. As sea ice was permeable during our study, DMS may have escaped through the ice. Large amounts of DMS emanating from melting sea ice have been directly measured in the Antarctic (Zemmelink et al. 2008) and inferred from satellite records of aerosol optical depth over the sea ice during spring in the Arctic (Gabric et al. 2005) . The DMS produced under the ice may also be ventilated in leads and at the ice edge during ice break-up and retreat. However, the existence of a stratified melt layer associated with the melting ice cover would have limited DMS diffusion through the ice cover. Therefore, accumulation of DMS in the under-ice environment could further contribute to the high DMS concentrations reported by few studies in the marginal ice zone in the Arctic (Matrai & Vernet 1997 , Galí & Simó 2010 . These ice-related processes should eventually be included in Arctic DMS models such as those developed by Qu & Gabric (2010) and Humphries et al. (2012) . DMS production underneath the sea ice as a result of DMSP released from the ice will probably become more important in the future as first-year sea ice increases its prevalence in the Arctic as a result of climate warming (Stroeve et al. 2012 ).
Response of the algal and bacterial assemblage to the onset of under-ice phytoplankton growth
The increase in surface chl a measured during the last week of the sampling period likely marked the onset of under-ice phytoplankton growth (C. J. Mundy unpubl. data). Under-ice blooms have been observed and fully described in this area in the past (Galindo et al. 2014 . The increase in phytoplankton biomass coincided with an increase in bacterial abundance and HNA cells, suggesting that the bacteria benefitted from an increase in DOM during this period. The under-ice phytoplankton likely grew as a result of increasing under-ice irradiance due to the loss of the snow cover and development of melt ponds and as a result of an increase in water column stratification due to the melting of the ice (Fig. 2) . One of the salient features of the underice phytoplankton growth was the absence of any increase in DMSPp despite the increase in chl a that was of the same magnitude (ca. 0.4 µg l −1 ) as that associated with the release of organic matter from the bottom sea ice observed earlier. This difference translated into widely different DMSPp/chl a ratios for the 2 biomass peaks: 16 to 117 nmol µg −1 for ice algae released in the water column and 5 to 11 nmol µg −1 for the under-ice phytoplankton. The low ratios measured during the growth of phytoplankton are similar to the ratios ranging from 2.6 to 19.6 nmol µg −1 measured by Galindo et al. (2014) in under-ice blooms dominated by centric and pennate diatoms in the same study area during previous years. The ratio of 16 nmol µg −1 measured at the ice-water interface is also in the range (2.1 to 28.4) of those reported by Galindo et al. (2014) for released ice algae in this region. However, the ratio of 117 nmol µg −1 measured at 0.5 m 2 d later is unexpectedly high. Its concurrence with the maximum bacterial abundance value suggests that part of the DMSPp could have been associated with the heterotrophs. In support of this hypothesis, Wolfe (1996) . Assuming that the bacteria present at 0.5 m under the ice had the same DMSP quota and considering a bacterial diameter of 0.8 µm as used by Wolfe (1996) , we calculated that bacteria may have contributed to the DMSPp pool by 19.55 nmol l −1 , explaining up to 21% of the increase in DMSPp. Since DMSP and its cleavage products, DMS and acrylic acid, have been shown to act as grazing deterrents for zooplankton (Wolfe et al. 1997 , Strom et al. 2003 , the high DMSP concentrations may also reflect a physiological response of the algae to the high zooplankton grazing prevailing under the ice during this time of the year (Runge & Ingram 1991 , Michel et al. 1996 .
As observed during the release of organic matter from the bottom sea ice, the onset of under-ice phytoplankton growth stimulated the capacity of the microbial community to use DMSPd. k DMSPd increased by 409% in 6 d, following the increase in bacterial abundance and the percentage of actively growing bacterial cells (HNA cells). These results show that bacterial growth can respond promptly to the growth of under-ice phytoplankton, even in its initial phase. This in turn suggests that a significant portion of primary production was exuded by the exponentially growing algal cells. Gosselin et al. (1997) observed along a summer transect, from the Chukchi Sea to the Nansen Basin via the North Pole, that generally < 20% of primary production was released as DOC, except in the Canadian Basin, where it ranged from 31 to 65%. During the onset of under-ice phytoplankton growth, bacterial DMSP-S assimilation efficiency into macromolecules in creased by 534% in 3 d following the increase in bacterial abundance ( Fig. 6 ; r = 0.76, p < 0.05). Considering that DMSP can provide most of the bacterial sulfur for protein synthesis (Malmstrom et al. 2004) , this increase probably reflects the higher requirement for sulfur of the actively growing bacteria (Reisch et al. 2011) . DMS yields remained low (ca. 2.5%) during the onset of under-ice phytoplankton growth, also reflecting the high sulfur requirement of the actively growing bacteria. Previous studies have shown that variations in DMSP-S assimilation may also result from a physiological response of the bacteria due to a change in the relative contribution of DMSP to the total dissolved organic sulfur pool (Lizotte et al. 2009) or a modification of the taxonomic composition of the bacterial assemblage in response to qualitative changes in DOM (Cottrell & Kirchman 2000) . These mechanisms are not mutually exclusive and could have all contributed to the observed increase in DMSP-S assimilation during the onset of under-ice phytoplankton growth.
In contrast with the bottom ice organic matter release event, changes in DMSPd microbial metabolism associated with the onset of under-ice phytoplankton growth did not result in a significant increase in gross bacterial DMS production (Fig. 5e ). This is not unexpected considering that high biological gross DMS production generally takes place during the senescent phase of blooms when DOC concentrations are high (Kwint & Kramer 1995 , Gosselin et al. 1997 , Zhuang et al. 2011 . Surveys of the different development phases of under-ice blooms will be required to better quantify their potential contribution to the water column DMS reservoir in spring. 
CONCLUSIONS
Our study characterized for the first time the impact of sea ice brine drainage and ice melting on the microbial DMSP metabolism under the ice and the early response of the bacteria to the onset of under-ice phytoplankton growth. The results highlight that bacteria thriving under first-year sea ice in spring have their DMSP metabolism rapidly (< 4 d) stimulated by the release of DOC and DMSP from the ice during snow and ice melt events as well as by the onset of under-ice phytoplankton growth. Despite the short-lived nature of these release events (a few days), the large extent of first-year sea ice in the Arctic suggests that the DMS production associated with these events should have a significant impact on the annual DMS production. The onset of the under-ice phytoplankton growth did not stimulate DMS production, an expected result considering that DMS peaks are usually associated with the senescent phase of blooms in open waters (e.g. Leck et al. 1990 , Matrai & Keller 1993 , Kwint & Kramer 1995 . The frequency and coverage of these under-ice blooms are expected to increase with climate warming and the replacement of multi-year ice by first-year ice (Arrigo et al. 2012 , Boetius et al. 2013 , Matrai & Apollonio 2013 . Thus, it becomes important to characterize the net DMS production during the different stages of the under-ice bloom development. 
